U ltrasonography is routinely used to evaluate visceral organs in children. Renal ultrasonography provides a rapid assessment of kidney dimensions without risk of radiation. Among several body growth parameters, kidney size is considered an important parameter used in the clinical evaluation of renal growth and abnormalities. The kidney length is influenced by the overall body parameters of an individual, including age, height, weight, body mass index (BMI) and body surface area (BSA). [1] [2] [3] Many diseases can affect the kidney size, varying from infection to malignant disorders. 4, 5 Therefore, having a reliable reference for kidney length in children is valuable for clinical assessment.
A few studies have been carried out on the normal dimensions of kidney size around the world, 1-3,6-11 but none have included Saudi Arabia. The assessment of kidney volume is time-consuming and impractical and kidney length correlates better with body parameters. [10] [11] [12] Konus et al 3 reported that height was better correlated with the longitudinal dimensions of the kidney than with the body surface area of pediatric subjects aged from 5 days to 16 days. Capaccioli et al 6 found a good correlation between age and kidney length. In a study with a larger sample size, Safak et al 11 examined 712 healthy school-age children and reported that weight best correlated with kidney length. Most of these studies reported no statistically significant difference in kidney length with respect to sex. 3, 11 Populations differed and thus the growth curves varied between these studies. 3, [6] [7] 11, 13 Loftus et al 9 found no statistically significant differences between Hong Kong Chinese with Western growth curves. Most studies showed a strong correlation between age and other body parameters (weight and height) with kidney length in children. This study aimed to establish the normal sonographic growth pattern of kidney length in relation to child age and body parameters in Saudi Arabia. To the best of our knowledge, there are no such data for Saudi Arabia. This data should assist in predicting changes in renal size and allow for early identification of abnormal ultrasound findings (e.g, chronic pyelonephritis, obstructive uropathy, and chronic glomerulonephritis) 14 that require further investigation.
PATIENTS AND METHODS
This retrospective study was approved by the institutional review board of our hospital and informed consent was waived. We reviewed ultrasonographic exams of the kidney of children ranging from full-term neonates to age 14 years performed between July 2003 and May 2018 in King Faisal Specialist Hospital and Research Centre, Riyadh, Saudi Arabia. Only healthy subjects were included in the study. Age, weight and height were recorded on the day of the ultrasonography exam. Weight-for-age and height-for-age percentiles were between the 5th and the 95th percentiles based on the Growth Charts for Saudi Children and Adolescents, endorsed by the Health Services Council of Saudi Arabia. Patients who did not have normal growth curves were not included in the study. All kidneys were examined, and grayscale 2D ultrasonography images were stored in PACS (picture archiving and communication system). The length of the organs and height were recorded to the nearest (0.1 cm), and the weight to the nearest (0.1 kg). The following inclusion criteria for enrollment were used: Saudi nationality; healthy full-term newborn to 14 years old; no acute or chronic disease that could lead to any renal disease; no personal or family history of renal disease. Only patients who came for screening or routine abdominal ultrasound examination, who complained of abdominal pain or unrelated health problems, and had normal kidneys were included.
All the retrospective sonographic examinations were performed by experienced sonographers adhering to standard protocol during the ultrasonography examinations. These examinations were obtained in the sagittal and axial planes passing through the renal hilum with patients in the supine or slightly left or right lateral decubitus positions. A single sonographic measurement of maximum renal length was obtained (distance pole to pole) ( Figure 1) . These images were all re-reviewed by a pediatric consultant radiologist at the time of the study to make sure they met the inclusion criteria and the measurements were corrected to adjust for intense crying and movement.
Statistical analysis was carried out using IBM SPSS Statistics version 20 (SPSS Inc., Chicago, IL, USA). Descriptive statistical methods were used when appropriate. Differences among groups were determined by paired samples t test. Relationships between ultrasonography measured renal length, age and body parameters were studied with simple and multiple linear regression. Correlation coefficients were derived by the Pearson coefficient of correlation. Results were considered statistically significant if the P value was <.05 for all data analyses. Normal ranges and related statistics were estimated and arranged according to age group and sex. Renal length growth curves and upper limits defined by the 95% upper confidence limit are presented in graphs by age (<2 years and ≥2 years).
RESULTS
The 950 normal ultrasonography exams included 501 males (52.7%) and 449 females (47.3%). The age distribution ranged from full-term newborn to 14.8 years ( Figure 2) ; 226 were less than 2 years old (23.8%) and 724 were more than 2 years old (76.2%). The left kidney was longer than the right kidney (P<.001). The mean (SD) length of the left kidney for all patients was 7.6 (1.5) cm and the right kidney was 7.5 (1.5) cm. The lengths of both the right and the left kidneys showed the strongest correlation with patient height in the univariate analysis (R 2 =0.829 and 0.831, respectively) ( Table 1 , Figure 3 see below). In the multivariate analysis, age, height, BMI and sex indicated significantly strong correlations with renal length, whereas weight and BSA showed weaker correlations ( Table 2) . There was a significant correlation in kidney length according to sex (Figure 4a, 4b ). Both kidneys were longer in males ( ney). Kidney length increased rapidly during the first 24 months, while the growth rate slowed thereafter as shown in the renal length curve before and after 24 months of age (P=.011, younger than 2 years for the right kidney; P=.009, older than 2 years for the right kidney; P=.036, left kidney: .017. Kidney by age categories are shown in Tables 4 and 5 (see below). In Table 6 (see below), age groups younger than 2 years were matched with studies from other countries (Hong Kong Chinese, Australian and American). 9, 10 There was no significant difference between Saudi, Hong Kong Chinese (P=.485) and Australian (P=.99) studies. However, a significant difference was found between Saudi and American studies (P=.001). In fact, we were unable to compare differences within each age group between the four countries or conduct any further analysis because of lack of the data from those studies. The plots of renal length versus age for all four countries showed remarkable agreement ( Figure 5 ). 
DISCUSSION
Knowing the normal limits of kidney size for healthy children is useful for differentiating renal conditions. This is of particular importance in childhood, when renal length changes with age, and when renal tract abnormalities exist, such as reflux nephropathy, renal hypoplasia obstructive uropathy, and renal agenesis. Many studies have reported relationships between ultrasonographically measured renal sizes and other body parameters (height, weight, BMI and BSA). 3, 6, 7, 11, 13 Body height and weight may vary with ethnicity. 10, 12 To the best of our knowledge this study is the only study from Saudi Arabia that has evaluated the relationship between renal size and the overall body size of the individual, including age, height, weight, BMI and BSA. Some studies have demonstrated no significant differences between the left and right kidney sizes. 1, 2, 9, 10, 15, 16 However, in our study the left kidney was significantly larger than the right kidney, which is similar to what was reported in other studies. 1, 8, [17] [18] [19] [20] The reason is that the spleen is smaller than the liver, so the left kidney has more space to grow. 21 Also, the left renal artery is shorter than the right one, so increased blood flow in the left renal artery may result in a relatively increased size of the left kidney. 22 In terms of renal growth according to age, our data showed a statistically significant difference before and after 24 months of age. Consistent with other studies, the renal length increased rapidly until 24 months, while the growth rate was reduced thereafter. 18, 23 Numerous studies have shown that height correlates best with renal length. 1, 8, 23, 24 Our study supports these reported results in that the renal lengths show the strongest correlation with height. In fact, a previous study concluded that the reason for this important relationship is that the rapid growth in height during the first 2 years of life is intimately associated with a similar increase in kidney length. 1 There are some disagreements regarding the correlation between sex and kidney size in children. Some studies suggested that females have smaller kidneys, 20, 25 while other studies have indicated no differences in renal size between the sexes. 3, 11, 12 We found a noticeable difference in kidney length by sex. Both kidneys were longer in males than females. These differences seen in males are solely dependent on a greater BSA. 26 Although there were statistically significant differences in renal length between the sexes as well as between the right and left kidneys, these differences were not considered clinically significant. Therefore, we presented renal length graphs based on the age group regardless of sex. This difference was considered to be small and not of any clinical significance, the difference may be related to the change in the degree of respiration affecting the accuracy of the obtained measurement, or possibly to changes in the position of the patient during the examination, which is thought to influence the filling of the renal collecting system and consequently, altering the size of the kidney. 27 The graph of ultrasonographically measured normal renal lengths from the Women's and Children's Hospital, Adelaide (Figure 6) , has been widely used as a standard reference around the world as well as in our hospital, although these data have not previously been published as reported by Loftus et al. We highly advise that our renal length graph may be the best available for clinical use in our region. Our database of 950 cases is considerably greater than their database of 554 cases, and the smoothed plot of mean length with 2 standard deviations of the mean is an ideal for reference in everyday scanning situations for children from 0 day to 24 months ( Figure 7) and children from 2 years to 14 years (Figure 8 ).
There are limitations to our study. The study was retrospective, but renal length measurements were routinely performed by experienced sonographers following standard protocol during the ultrasonography examinations, and were rechecked by pediatric radiologists. Also, differences in ultrasonographic techniques, patient positioning, and cursor placement can affect the reproducibility of measurements on renal length. Therefore, future prospective studies evaluating intra- The Hong Kong study involved 250 children (214 ≤14 years). bThe American study involved 203 children (182≤14 years). Ages older than 14 years were excluded in this comparison.
